Few trials have examined rates of hypersensitivity reactions (HSRs) with intravenous iron formulations used to treat iron deficiency anemia (IDA). This randomized, multicenter, double-blind clinical trial compared the safety, and efficacy of ferumoxytol versus ferric carboxymaltose (FCM), focusing on rates of HSRs and hypotension as the primary end point. Patients with IDA of any etiology in whom oral iron was unsatisfactory or intolerable received ferumoxytol (n 5 997) or FCM (n 5 1000) intravenously over 15 minutes on days 1 and 8 or 9 for total respective doses of 1.02 g and 1.50 g. Composite incidences of moderate-to-severe HSRs, including anaphylaxis, or moderate-to-severe hypotension from baseline to week 5 (primary safety end point) were 0.6% and 0.7% in the ferumoxytol and FCM groups, respectively, with ferumoxytol noninferior to FCM.
| I N TR ODU C TI ON
Iron deficiency anemia (IDA) is the most common form of anemia worldwide. Frequent etiologies include heavy uterine bleeding, pregnancy, inflammatory bowel disease, bariatric surgery, and cancer. [1] [2] [3] IDA is a frequent comorbid condition accompanying chronic kidney disease (CKD). 3 Whereas fatigue, loss of stamina, and restless leg syndrome are commonly observed, other serious issues (including mortality, impaired cognitive function, increased susceptibility to infection, decreased health-related quality of life, lower work productivity, and impaired cardiac and sexual function) are also associated with iron deficiency, irrespective of the degree of associated anemia. 1, 4, 5 Iron replacement therapy reconstitutes iron stores and increases hemoglobin concentration. Oral iron is inexpensive and convenient when tolerated but confers an increased rate of gastrointestinal perturbation, often leading to poor adherence. [5] [6] [7] Intravenous iron formulations may be used in those intolerant of oral iron or for conditions in which oral iron is ineffective or potentially harmful, such as hereditary hemorrhagic telangiectasia and inflammatory bowel disease. Intravenous iron has been shown to raise hemoglobin levels more effectively than oral iron. 8 Serious acute hypersensitivity reactions (HSRs) to intravenous iron formulations are rare but do occur and in the past were largely due to high-molecular-weight iron dextrans, which are no longer commercially available. 9, 10 This study was performed at the request of the US Food and Drug Administration (FDA) and in support of a supplemental new drug application (sNDA) to broaden the indication of ferumoxytol from IDA in patients with CKD only to IDA of all etiologies. Study IDA-304 (the FIRM study: a phase 3, randomized, multicenter, double-blind, safety study of Ferumoxytol compared to ferrIc carboxymaltose [FCM] for the treatment of IDA) was designed to formally investigate these concerns by prospectively adjudicating the rates of HSRs and related adverse events (AEs) in 2 approved and available intravenous iron formulations, ferumoxytol and FCM, using dosing regimens indicated for treatment of IDA. Additionally, although previously considered transient and without clinical sequelae, hypophosphatemia is gaining recognition as potentially important. 11 Therefore, we included an evaluation of hypophosphatemia in this large, phase 3, randomized, double-blind study.
| M E TH ODS

| Study participants
We conducted this phase 3, randomized, multicenter, 
| Study assessments
The primary end point was the incidence of moderate-to-severe HSRs, 
| Statistical analysis
The safety population was composed of any randomized patient who Statistical inferences of noninferiority and/or superiority for the primary and secondary safety, efficacy, and some exploratory end points were performed with no adjustments for multiple comparisons.
Given a 3.3% AE rate for the primary safety end point in each treatment group, 2000 patients were needed to provide approximately 90%
power for the noninferiority test. For primary and secondary safety end point analyzes, noninferiority was defined as when the upper limit of the 95% CI for the treatment difference of ferumoxytol-FCM did not exceed the predefined margins for the primary (2.6%) and secondary (3.6%) safety end points. For the 2 efficacy end point analyzes, noninferiority was defined as when the lower limit of the 95% CI for the treatment difference of ferumoxytol-FCM was greater than the predefined margin of 20.5 g/dL, and superiority when the lower limit of the 95% CI was >0.
| RE S U L TS
| Patient disposition and baseline characteristics
Of 2014 patients with IDA who were randomized, 1997 were treated with either ferumoxytol (n 5 997) or FCM (n 5 1000; Supporting Information Figure S1 ). Study completion rates between the 2 groups were similar (ferumoxytol, 93.8%; FCM, 94.8%). Of the 114 patients (5.7%) who withdrew from the study, the most common reasons were withdrawal of consent (2.1%), loss to follow-up (1.6%), and AEs (1.0%).
The mean 6 standard deviation (SD) age was 55.2 6 17.2 years, and most patients were women (76.1%) and white (71.4%; Table 1 ).
The mean baseline hemoglobin concentration was 10.4 g/dL. 
| Primary and secondary safety end points
The composite incidences of moderate-to-severe HSRs, including anaphylaxis, and moderate-to-severe hypotension from baseline to week 5 (primary safety end point) were 0.6% and 0.7% in the ferumoxytol and FCM groups, respectively (Table 2) . Ferumoxytol was noninferior to FCM (noninferiority test P < .0001), with a risk ratio of 0.9 (95% CI, 0.3-2.5).
The composite incidence of moderate-to-severe HSRs, including anaphylaxis, serious cardiovascular events, and death (secondary safety end point), from baseline to week 5 was 1.3% and 2.0% in the ferumoxytol and FCM groups, respectively (Table 2) . Ferumoxytol was noninferior to FCM (noninferiority test P < .0001), with a risk ratio of 0.7 (95% CI, 0.3-1.3). None of the 6 (0.0%) serious cardiovascular events in the ferumoxytol group and 3 of the 13 (23.1%) serious cardiovascular events in the FCM group were considered to be related to treatment. Of note, this study was intended to focus on acute HSRs and AEs that would be expected to occur within minutes to perhaps hours after administration. As with other prior studies evaluating the safety and efficacy of ferumoxytol, patients were followed for approximately 30 days after the second dose of study medication. This follow-up duration is customary in studies of intravenous iron given the fast response in hemoglobin levels and the interest in especially acute AEs associated with intravenous administration. None of the 6 (0.3%) deaths (4 and 2 in the ferumoxytol and FCM groups, respectively) were considered to be related to treatment or related to HSR as per CEC assessment.
| Adverse events
A total of 1593 TEAEs were reported by 698 of 1997 patients (35.0%;
Supporting Information Table S1 ). There were fewer reported TEAEs in hemoglobin, hematocrit, erythrocytes, erythrocyte mean corpuscular volume, erythrocyte mean corpuscular hemoglobin, and erythrocyte mean corpuscular hemoglobin concentration were seen at weeks 2 and 5 in both groups.
All baseline iron parameters were low, as designed. After treatment, iron and transferrin saturation values increased, and total iron binding capacity decreased similarly in both groups. Mean 6 SD serum ferritin concentrations peaked at week 2 (567.1 6 298.6 ng/mL and 864.6 6 402.9 ng/mL in the ferumoxytol and FCM groups, respectively), decreasing at week 5 but remaining elevated (227.5 6 193.9 ng/mL and 397.8 6 301.2 ng/mL, respectively). Similarly, mean 6 SD transferrin saturation increased in both groups, with the highest levels at week 2 (32.9 6 20.9% and 35.2 6 17.6%
in the ferumoxytol and FCM groups, respectively), and decreased somewhat by week 5 (25.9 6 11.6% and 28.6 6 11.5%, respectively).
Mean baseline and posttreatment values for all clinical chemistry parameters were similar between the 2 groups, with the exception of serum phosphate. There were no clinically meaningful changes in heart rate, systolic blood pressure, or diastolic blood pressure during the 1-hour observation period after administration of ferumoxytol or FCM.
| Secondary efficacy end points
Least-squares mean changes in hemoglobin from baseline to week 5 were 1.4 and 1.6 g/dL in the ferumoxytol and FCM groups, respectively ( Figure 1A ), indicating that ferumoxytol was noninferior to FCM (noninferiority test P < .0001). Because the FCM dose of iron was about 1.5 times the ferumoxytol dose, the least-squares mean change in hemoglobin was also examined per gram of iron administered ( Figure   1B ). Least-squares mean changes were 1.4 and 1.1 g/dL in the ferumoxytol and FCM groups, respectively (superiority test P < .0001).
| Hypophosphatemia
The incidence of hypophosphatemia 2 weeks after treatment, defined 
| D I SCUSSION
As noted, subsequent to the filing of the sNDA to obtain the broader indication for treatment of IDA due to any etiology, the FDA issued a
Complete Response Letter requesting additional information. This study was performed to support the sNDA for a broader indication of ferumoxytol and at the request of the FDA to perform a randomized controlled trial with ferumoxytol compared to another approved intravenous iron with the primary focus on rates of serious HSRs. The FIRM study was designed in concert with the FDA including a required HSR questionnaire following each administration's observation period and the primary and secondary safety end points. Notable was the fact that dosing would utilize the FDA-approved regimens for each product.
FCM was selected to facilitate a double-blind study design comparing 2 intravenous irons delivered in 2 administrations.
Although it has been suggested based on possible pathobiologic mechanisms that the rapidity of administration may increase the occurrence of serious HSRs, 3 other than so-called "minor infusion reactions" due to labile or free iron, chiefly noted with higher doses of ferric gluconate and iron sucrose, 16 there is no evidence that the total dose of intravenous iron impacts the rate of serious HSRs. The dosing of the 2 intravenous irons studied (1.02 g vs. 1.50 g) reflects the approved dosing regimen, and the difference in dose was not expected to affect the rate of acute HSRs following either of the 2 intravenous iron administrations.
While the primary focus and end points of the study were safety, hematopoietic responses were also assessed. In contrast to HSRs, it was recognized that administering 50% more iron could likely affect the secondary end points of efficacy. Therefore, it was prespecified that the change in hemoglobin from baseline would be analyzed as both mean change and mean change per gram of iron administered to assist practitioners in formulating treatment decisions for their patients.
This prospective, randomized, double-blind trial examined the safety of ferumoxytol (510 mg 3 2) compared with FCM (750 mg 3 2)
in patients with IDA and intolerance of or unresponsiveness to oral iron.
Inclusion criteria, including entry hemoglobin and iron indices, were intentionally broad to include a range of different IDA etiologies. While all prior randomized controlled trials of ferumoxytol administered the drug as a rapid injection, this is the first trial in which ferumoxytol was administered as a diluted infusion over 15 minutes, and it was well tolerated in this population, consistent with a small, open-label trial. 17 For the primary end point, the incidence of moderate-to-severe HSRs, including anaphylaxis, or moderate-to-severe hypotension from baseline to week 5, ferumoxytol demonstrated noninferiority to FCM.
Ferumoxytol was also noninferior to FCM for the secondary end point of the composite incidence of moderate-to-severe HSRs, including anaphylaxis, serious cardiovascular events, or death.
Notably, hypersensitivity to either ferumoxytol or FCM was rare.
There were no anaphylactic reactions or severe hypotension and very low incidences of moderate hypotension and moderate-to-severe
HSRs. The incidence of moderate-to-severe HSRs following ferumoxytol treatment was 0.4%, consistent with the 0.2% (n 5 3/1726) reported for serious HSRs in a pooled analysis of the 3 pivotal trials in CKD and IDA. 18 In other trials that excluded patients with CKD stages 4 and 5, the rate of moderate-to-severe HSRs was 2.6% (n 5 26/ 1014). 12, 19, 20 Rates of HSRs following FCM treatment in this study were similar to those from other large randomized trials in patients with IDA of any etiology (0.3% to 0.8%) and in patients with nondialysis-dependent CKD (0.7%).
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No new safety signals were observed, and the types and frequencies of reported AEs were consistent with previously published studies.
None of the 6 deaths in this study were considered to be related to the study drugs or HSRs. SAE rates were similar between the 2 formulations.
Before the availability of the FIRM trial, the comparative safety of In the FIRM randomized controlled trial, ferumoxytol also demonstrated consistent clinical efficacy, with noninferiority to FCM for the mean change in hemoglobin from baseline to week 5. In absolute terms, the increase in hemoglobin was about 18% higher in the FCM group. However, the FCM dose was nearly 50% higher than that in the ferumoxytol group. The increase in hemoglobin following treatment was consistent with results from prior studies for each agent. [18] [19] [20] [21] 23, 26 Hypophosphatemia is a more recently recognized AE that can occur after treatment with certain intravenous iron formulations.
Although hypophosphatemia incidence ranged from 41% to 70% in large trials of IDA treated with FCM, 22, 27 it was previously thought to be asymptomatic and transient. 28 Several cases of severe hypophosphatemia following intravenous iron administration have been reported, some after only a single dose. [28] [29] [30] [31] [32] Symptoms of hypophosphatemia include pain, nausea, and asthenia; when severe, hypophosphatemia can result in muscle (including diaphragmatic) weakness, potentially leading to respiratory failure, and rhabdomyolysis, which could lead to acute renal failure, hemolytic anemia, and cardiac dysrhythmias. 28 Even mild hypophosphatemia can contribute to osteomalacia over time. 28 A retrospective study showed that hypophosphatemia lasted for 2 months in 13 of 17 patients treated with a single dose of FCM, suggesting a persistent hypophosphatemic effect. 33 The incidence of hypophosphatemia, defined as a serum phos- Limitations of this study include the relatively short (5 weeks) follow-up time. However, the overwhelming preponderance of HSRs occur soon after an infusion of intravenous iron, mitigating the need for a longer observation period for the primary end point analysis. 3 Efficacy of intravenous iron is usually studied over relatively short time frames, as the maximum hemoglobin increase is achieved within the first few weeks. The follow-up period of this study would not be sufficient to identify subacute or chronic cardiovascular adverse effects of either intravenous iron formulation, but this trial was designed to capture acute cardiovascular events triggered by hypotension or hypersensitivity.
In addition, the doses of ferumoxytol and FCM differed due to the use of the FDA-approved doses and schedules. FCM was chosen as a comparator because it is the only other FDA-approved intravenous iron treatment able to complete a full course of therapy in 2 doses, enabling a fully blinded study. A dose-response relationship for the occurrence of HSRs with these intravenous iron formulations has not been observed. Both formulations were administered over a period of 15 minutes, and a potential HSR would occur within a short time frame after exposure, as a severe delayed reaction is not expected. 3 In support of this conclusion, a consensus panel assembled by Kidney Disease: Improving Global Outcomes on intravenous iron safety reported that there is no evidence to support a 30-minute observation period after the administration of intravenous iron. 3 However, while the rapidity of administration has been associated with an increase in the likelihood of HSRs, 35, 36 the administered dose of iron has not been associated with HSRs.
In summary, ferumoxytol was noninferior to FCM for both the primary (the incidence of moderate-to-severe HSRs, including anaphylaxis, or moderate-to-severe hypotension) and secondary (the incidence of moderate-to-severe HSRs, including anaphylaxis, serious cardiovascular events, and death) composite safety end points, with equivalent efficacy in raising hemoglobin despite a lower dose. The incidences of TEAEs were similar in both groups, with no new safety signals. Severe hypophosphatemia was seen at higher rates with FCM treatment.
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